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The work presented here was conducted by Steve Wellborn, a PhD student from Iowa
State University, and Michael Hathaway from the U.S. Army Propulsion Directorate at
Lewis. Complete details of this work can be found in NASA Contractor Report 198536.
The focus of the work was to investigate the effects that shrouded compressor stator seal
cavity flows have on power stream performance, as opposed to studying the details of the
cavity flow itself.

The work was performed in the NASA Lewis Low Speed Axial Compressor (LSAC)
facility, shown in the first figure, which is patterned after a low speed facility used by GE
Aircraft Engines. Our low speed facility uses the blading design developed by GE under
the NASA E’ program. The blading is representative of the rear stages of a multistage
machine, so we have relatively high hub-tip radius ratio, low aspect ratio blading as
shown in the second figure. The test compressor is a four stage machine with an IGV.
The stators have representative seal cavities representative of high-pressure compressor
rear stages with a single seal tooth mounted on the rotor drum. The tip diameter is 48
inches, the hub diameter is 38.4 inches, and the tip speed is about 200 feet per second.

Several cavity configurations were investigated along with a variation in the seal tooth
clearance itself. These configurations are shown in the third figure, where ¢ is the seal
clearance in inches and ¢/h is the seal clearance normalized by blade span. The baseline
configuration shown at the bottom of the figure consists of a single seal tooth on the rotor
drum under the stator foot ring. The seal tooth clearance for this cavity configuration was
varied by adding a shim under the seal tooth. Three levels of seal tooth clearance (0.67%
span, 1.35% span, 2.02% span) were investigated in this manner, with the same clearance
set up under each of the four stator rows. Two additional cases were investigated - one
with nearly zero seal tooth clearance and one without footring cavities.

Zero seal tooth clearance was desired in order to look at a zero leakage case. In order to
achieve zero leakage, balsa wood was glued to the bottom of the footring prior to rig
assembly with the intent of the balsa wood forming an interference fit with the seal tooth.
However, when the balsa wood was inspected afer running the compressor we found that
the droop in the rotor shaft and the slight axial motion of the compressor against the thrust
bearing combined to cut a groove of non-uniform depth and width in the balsa wood
which provided a leakage path over the seal tooth. The addition of the balsa wood
therefore provided a minimized leakage case rather than a zero leakage case. The no-
cavity configuration was desired in order to investigate the effect that the mere presence
of the seal cavity has on the power stream flow field. This configuration was achieved by
adding extensions to the front and rear of each footring, along with balsa wood on the
bottom of the footring. The pressure drop across the footring extensions further reduced
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the leakage between the balsa wood and seal tooth and provided our closest approach to
a true zero leakage configuration.

The seal leakage flow rate was calculated using the static pressure measurements from
pressure taps in the underside of the footring. The next figure presents the seal leakage as
a percentage of the power stream massflow versus the seal tooth clearance as a percentage
of blade span. We found a rather linear relationship for the leakage rates. As mentioned
previously, the minimized leakage case allowed some seal tooth leakage. However, in the
no-cavity/no leakage case, the pressure drop across the footring extensions further
reduced the leakage between the balsa wood and seal tooth, thus providing our closest
approach to a true zero leakage configuration. When these results are viewed in that light
it is clear that there is a nearly linear relationship between the leakage rate and seal tooth
clearance.

The impact of the above variations on overall performance is shown in the next figure. On
the left is the pressure rise characteristic versus the flow coefficient ¢, plotted as the
pressure rise coefficient per stage (the total pressure rise divided by four) . On the right is
the aerodynamic efficiency. Although the absolute value of the efficiency is uncertain due
to difficulties in accurately measuring the low temperature rise through this machine, the
trend shown by the relative variation between different seal configurations is believed to
be reliable. The results show that, starting with the no-cavity and minimized leakage cases,
we have the highest pressure rises in the machine. As we then go to increasing seal tooth
leakage rates the maximum pressure rise falls. There is no observable impact on the stall
point in the machine. The efficiency results show a smooth monatonic loss of efficiency as
the seal tooth clearance is increased. There seems to be very little effect from adding the
extensions to the front and back of the cavity (the no-cavity configuration), indicating that
the presence of the footring cavity itself has little impact on the performance of the
machine when there is little or no leakage across the seal tooth. The lapse rate of
efficiency with seal tooth clearance is comparable to the rates commonly observed for
rotor tip clearance increases. Therefore, shrouded stator leakage flow has just as great an
impact on efficiency as the rotor tip clearance flow.

The overall performance results discussed above were calculated from the static pressure
rise along the casing. Detailed surveys of spanwise performance were acquired upstream,
within, and downstream of the third stage. The strategy of focusing the detailed
measurements in the third stator is that the first two stages generate a multistage
environment in the machine while the fourth stage acts as a buffer from exit flow
conditions. The measurement stations on either side of stator three are labelled Stations
3.5 and 4.0 and were shown in an earlier figure. These survey planes are located
approximately at the mid-axial location of the trenches. These locations were chosen so
that we could use conventional aerodynamic probes to measure total and static pressure
and flow angle and traverse the probes into the trenches upstream and downstream of the
stator. The next figure shows incidence, loss, and deviation distributions measured at an
increased loading operating condition near the peak pressure rise of the machine. The
results indicate that the variations in blade element performance due to changes in the seal
tooth clearance tend to be localized to the bottom 40% of span. These measurements
were made with the same seal setup across all four stages of the machine. Note that there
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are incidence changes coming into the third stator, which can be expected to impact the
deviation and loss characteristics. These incidence changes in turn occurred from the
cumulative effects of the seal cavity configuration changes in the first two stages.

To separate the impact of seal configuration changes from the cumulative upstream
effects, another set of experiments was performed in which the seal tooth clearance was
only altered in the third stator. In these experiments the stator one, two, and four seals
were set at the baseline leakage (0.67% of span seal clearance) configuration in order to
establish a base flow through the whole machine. The next two figures show the overall
performance impact when only the third stator seal configuration was changed. The stage
by stage pressure rise characteristics clearly indicate that the first two stages did not
change their pumping characteristics when the seal configuration was changed under the
third stage. The change in the third stage did however cascade into the fourth stage.
There was therefore no upstream influence in changing the seal leakage rates in the third
stage.

The next three figures provide a closer look at some of the aerodynamic survey data
acquired around the third stator when the seal leakage rate was only increased under that
stator. Looking at the inlet absolute flow angle and the incidence angle in this case, we
note that the flow coming into the stator was not changed by changing the leakage
characteristics under that stator. The exit deviation angle of course did change, so the
stator responded to the local change in leakage rate, but that influence was not propagated
upstream into the third rotor. We also see significant changes in D-factor, loss coefficient,
and loss parameter again localized to the bottom portions of the span as seen when the
leakage configuration was changed across all four stages.

The conclusions drawn from aerodynamic performance measurements are therefore as
follows

o There is a large region of blockage that develops near the hub due to the recirculation
of the flow that leaks across the seal tooth.

e The deviation and losses increase over the lower portion of the span but those changes
are localized to about the bottom 50% of the span. There is less diffusion across the
stator blade and there is a loss in static pressure rise through the stator due to that
leakage.

e When the leakage was changed only in the third stage it had a cascading influence on
the stage downstream but no influence on the stages upstream. Increased leakage
under stator three did not cause rotor three to work differently and also it did not
cause large changes in the inlet conditions for the third stator.

A more detailed look at the flow field around the third stator was obtained by acquiring
hot film anemometer velocity measurements. A slanted hot film probe was rotated to
several orientations, allowing calculation of the axial, radial, and tangential velocity
components. The next figure is a contour plot across one stator pitch of the time-average
velocity components measured upstream of stator three for the peak efficiency operating
condition, normalized by rotor tip speed. Positive radial velocities (denoted by shaded
areas) indicate flow which is moving radially outward from the footring cavity into the
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power stream. Note that this outflow does not occur uniformly across the stator pitch,
but rather is strongest near midpitch. In front of the stator blades (which are at the right
and left edges of the plot) the radial flow is actually from the power stream into the
footring cavity. In contrast, the axial velocity and tangential velocity are relatively uniform
across the upstream cavity.

The next figure displays the same type of velocity measurements acquired downstream of
the stator. Shaded areas once again indicate regions in which the flow is moving radially
outward. Although we generally associate the downstream seal cavity with an area in
which flow is going down into the stator trench, we see there are localized areas near the
wake in which the flow is actually coming out of the trench. The next two figures show
similar hotfilm data acquired up and downstream of the stator for the peak loading
operating condition. All four contour plots indicate that the radial flows at the interface
between the seal cavity and power stream are not axisymmetric.

The next two figures provide a view of the unsteady velocity components within the
footring trenches. These measurements were acquired 6% of blade span below the
platform of the rotor blades, as shown in the figures. Looking first at the measurements in
the upstream trench, we note that the velocity components display only slight
circumferential variation, even though they were acquired just downstream of rotor three.
In addition, the time-average velocity contour plots also indicated little circumferential
variation of the mean velocity components within the trench itself. These observations
have to be qualified by the fact that these measurements were acquired at only one axial
location and therefore do not provide a picture of what is occurring at other locations
within the upstream trench. However, the important point here is that we don't have to go
very far down into the trench before the amplitude of the circumferential velocity
variations is substantially reduced. This is an important observation for those performing
CFD simulations in that it indicates that an axisymmetric CFD boundary condition can be
set near the top of the trench as opposed to having to grid the entire trench. Looking at
the downstream trench, again just about 6% of blade span into the trench, we see a
somewhat similar case except that the circumferential variations of tangential, radial and
axial velocities are greater than they were in the upstream trench. The stronger
circumferential variation is primarily an affect of the potential field from the downstream
rotor.

The last set of figures displays data acquired using a five-hole pressure probe within the
upstream trench at two different pitchwise locations. The locations, one at the nose of the
stator and another at midpitch of the stator, are shown in the next figure along with the
measurement matrix in the r-z plane. The round circle shown in each vector plot is the
footprint of the five hole probe. The axial traverse across the trench was accomplished by
yawing the probe slightly from the nominal 90 degree yaw which was required to face it in
the circumferential direction. The point to be made here is that if we compare the radial
velocities near the nose of the footring measured at mid-pitch to those measured at the
stator leading edge we see a much stronger radial inflow being driven by the potential
effects around the stator leading edge as compared to the mid pitch location.

This reinforces the hot film measurements shown earlier which indicated that flow is
ejected from the upstream trench into the power stream mainly at midpitch while actually
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being sucked into the trench from the power stream near the stagnation point in front of
the stator blade.

The following conclusions can therefore be drawn from the detailed measured provided by
both the hot film and the five hole probe:

Shear layers and velocity gradients do exist between the cavity and the primary flows
The leakage flow is ejected from the upstream cavity primarily near mid pitch

The leakage flow is pulled into the downstream cavity across most of the pitch but
actually moves out of the downstream cavity in localized regions near the stator wake
The mean axial and tangential velocities are nearly constant across the circumference
of both upstream and downstream trenches and this has ramifications for setting CFD
boundary conditions

Unsteady velocity measurements indicate that the flow is “quiet” with relatively low
turbulence intensity in the upstream trench even though this trench is located just
downstream of a rotor

In contrast, the downstream trench is not quiet. The potential influence from the
downstream rotor creates a much stronger unsteady effect in the downstream trench
compared to that created in the upstream trench
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